INTRODUCTION {#sec1-1}
============

Presence of orthodontic appliances inside the oral cavity accelerates plaque accumulation around them and can lead to an unwanted condition, which is the demineralization of enamel around orthodontic brackets.\[[@ref1][@ref2]\] This process, especially in patients with weak oral hygiene can finally lead to white spots that remain even after removing the appliances as an esthetic problem.\[[@ref3][@ref4]\] Prevalence of white spots during fixed orthodontics was different in studies from 50%\[[@ref2]\] to 73-95%.\[[@ref5][@ref6]\] Studies show that these lesions can appear in just 1 month,\[[@ref7][@ref8][@ref9]\] which is even shorter than the time between two sessions of meeting with the orthodontist.

In order to prevent this problem, orthodontists have tried different techniques and materials. Studies show that high oral hygiene and local use of fluoride with low concentration are the primary solutions for minimizing demineralization around the brackets.\[[@ref10][@ref11]\] Daily use of 0.05% sodium fluoride mouth rinse during orthodontic treatment significantly reduced enamel lesions, but in average, the cooperation of patients with this protocol was relatively low.\[[@ref10]\] Thus, orthodontists searched for other methods, which did not need high cooperation of the patient. Orthodontic bonding materials with the ability of fluoride release show the potential of minimizing enamel demineralization, if the bond was strong enough and fluoride release was continuous.\[[@ref12]\] The preventive effects of these orthodontic bonding materials containing fluoride on enamel adjacent to the brackets were studied *in vivo*\[[@ref7][@ref13]\] and *in vitro*\[[@ref14][@ref15][@ref16][@ref17]\] with quantitative assessment of demineralization depths and loss of mineral structure with different measurement techniques.

Between two major groups of orthodontic bonding materials (i.e., composite resins and glass ionomers), the second one was more successful in fluoride release, at least in *in-vitro* studies.\[[@ref17][@ref18]\] However, the efficiency of bond strength of these materials for clinical application is questionable.\[[@ref19][@ref20][@ref21][@ref22]\]

Potential advantage of a product with resin composite base and ability of fluoride release underneath and around fixed orthodontic attachments resulted in the development of these adhesives. However, the relationship between this low amount of fluoride release with expected protection against enamel demineralization was a matter of debate in different articles.\[[@ref23][@ref24][@ref25][@ref26][@ref27]\]

Nanoindentation is one of the techniques, which presently allow quicker and much more accurate assessment of nanomechanical characteristics of low amounts of enamel in subsurface regions around orthodontic brackets. It has been shown that this technique is a useful method for very exact assessment of demineralization and remineralization of human enamel surface.\[[@ref28][@ref29][@ref30][@ref31]\]

The aim of the present study was to evaluate the nanohardness and elastic modulus of the enamel underneath and around orthodontic brackets using nanoindentation test after placing samples in a demineralization solution and compare these mechanical characteristics for two adhesive systems (conventional and fluoride releasing).

MATERIALS AND METHODS {#sec1-2}
=====================

Samples {#sec2-1}
-------

In this *in vitro* experimental study, samples were chosen from 10 intact premolar teeth without caries and enamel hypoplasia that were extracted for orthodontic reasons. Every sample was kept in separate Hank\'s balanced salts solution (HBSS) (East Sages Inv. Co. Isfahan, Iran) in 37°C.\[[@ref32]\]

Preparation process {#sec2-2}
-------------------

Buccal surfaces of all teeth were cleaned by fluoride less pumice and polished using a rubber cup and completely washed and dried with oil-free air. Then, buccal surfaces of samples were divided into two equal parts from the cusp point to the cementoenamel junction by 2 mm nail varnish and this region under the varnish was used as control (intact enamel). Then, in each half of the tooth (left half and right half) a different bonding system was used, which was of the same composition with the other half, but one of them released fluoride (Transbond XT plus Color Change etch-and-rinse adhesive, 3 M, Unitek, CA, USA) and the other did not (Transbond XT etch-and-rinse adhesive, 3 M, Unitek, CA, USA). Lower incisor brackets (Opti-Mim, Ortho Organizers, CA, USA) were used because of their reduced area.

In short, the bonding method according to the manufacturer\'s instructions was: Acid phosphoric gel (35%) was used on buccal surfaces for 15 s and then washed with distilled water and completely dried with an oil-free air source. Then, a thin layer of primer was applied on etched surfaces and cured for 10 s. Lower incisor stainless steel brackets were randomly bonded under mild pressure on the left and right sides by an independent researcher in order to make the study blind and the adhesive residuals were removed around the brackets with a scaler and cured for 20 s. The mesiodistal distance from the nail varnish (midline) and the height from the cusp tip in each side were measured with a gauge to ensure that the brackets were placed in similar positions on each side.

Then, the samples were individually placed in a demineralization solution (50 cc 0.3% \[W/V\] citric acid at a pH of 2.35 adjusted with NaOH)\[[@ref33]\] for 96 h in 37°C. Every sample was taken out of the solution in every 8 h for 1 h and washed with distilled water and kept in a separate HBSS solution in 37°C in order to simulate oral conditions and restore remineralization in some degrees. The samples were then washed completely with distilled water and divided into two occlusal and cervical halves with tooth sectioning machine (TC3000, Vafaei Industrial, Tehran, Iran) in such a way that the cut passed from the middle of the brackets. The cervical half was mounted in self-cure acryl (Dentsply, Addlestone, Surrey KT15 2PG, UK). All of the samples were polished in order to get a smooth and suitable surface for high quality of the nanoindentation experiment. Polishing was performed by abrasive paper disks (320, 600, 1200 grit) and then aluminum oxide powder with gradually subtler grades. The samples were stored in separate HBSS solution again until the time of nanoexperiment.

Nanoindentation experiment {#sec2-3}
--------------------------

After polishing of samples, the measuring points were investigated with a light microscope by an instructed engineer and if more polish was required, the samples were returned to the researcher; so that appropriate enamel surfaces were achieved for the machine in desired points. All nanoindentation tests were performed in 28°C with a peak load of 10 mN using Nanoindentation Tester (NHT, Peseux, Switzerland) in Central Laboratory of Industrial University of Isfahan. The test was constructed of 3 parts: 10 s of loading until the peak, 1 s holding in peak load and then 10 s of unloading.\[[@ref34]\]

In this study, 42 indentations were performed for every sample consisting 6 depths in a distance of 1 μm from the outer surface of enamel to 36 μm (6 depths with equal distance of 7 μm) and also in 7 regions relatively similar to the study of Kohda *et al*.\[[@ref34]\] \[[Figure 1](#F1){ref-type="fig"}\]:

![Schematic illustration of the cross-section of the specimen with the regions and depths on the fluoride less side of enamel, which studied by nanoindentation test. There are identical regions (5, 6, 7) and depths (1, 8, 15, 22, 29, 36 ƒÊm) on the fluoridated side, which are not shown](DRJ-11-67-g001){#F1}

Region 1: Control (under nail varnish that implies intact enamel).Region 2: Under the bracket with fluoride less (conventional) bonding.Regions 3 and 4: 50 and 100 μm from the bracket edge with fluoride less bonding, respectively.Region 5: Under the bracket with fluoridated bonding.Regions 6 and 7: 50 and 100 μm from the bracket edge with fluoridated bonding, respectively.

The measurement method of elastic modulus and hardness with Nanoindentation machine and relating graphs and calculation formulas are available in Oliver *et al*.\[[@ref28]\]

Statistical analysis {#sec2-4}
--------------------

Measurements of hardness and elastic modulus in different regions and depths were extracted with the software companion of the machine and the results were analyzed by Statistical Package for Social Sciences (SPSS, Chicago, version 14.0). The tests of Kolmogorov-Smirnov and Leven variance homogeneity were used. The data showed a normal distribution, so there was homogeneity of variances among groups. Paired *t*-test, repeated measure of analysis of variance (ANOVA) was used for assessment of the effects of these two adhesives in different regions and depths of enamel surface and their interactions. Tukey *post-hoc* test was used for multiple comparisons. Level of significance was defined at *P* \< 0.05.

RESULTS {#sec1-3}
=======

Tables [1](#T1){ref-type="table"} and [2](#T2){ref-type="table"} show the means and standard deviations of hardness and elastic modulus in different regions and depths obtained by nanoindentation test; also the results of statistical comparisons among the 7 regions in total and individually in every 6 depths are shown in these tables.

###### 

Mean values and standard deviation for cross-sectional elastic modulus (GPAGp) of enamel in different regions and depths investigated by nanoindentation test

![](DRJ-11-67-g002)

###### 

Mean values and standard deviation for cross-sectional hardness (GPGpA) of enamel in different regions and depths investigated by nanoindentation test

![](DRJ-11-67-g003)

In all regions except for region 5 (region under the bracket with fluoridated adhesive) the elastic modulus reduced significantly compared to the intact enamel (region 1); but regarding hardness, significant reduction is only observable in the fluoride less side (regions 2, 3 and 4). Interestingly, total hardness average of region 7 is higher than average of this parameter in region 1. From the point of view of these two parameters, region 2 shows a significant reduction in comparison to other regions. In 50 and 100 μm from the bracket edge in the fluoride less side (regions 3, 4), investigated parameters increased, but in comparison to similar regions in the side with fluoride (regions 6, 7) both parameters show statistically significant reduction, except for the mean of elastic modulus in region 4 with 7, which were similar. Region 5 showed higher elastic modulus than all other 5 regions except for intact enamel; but regarding hardness, this increase was only noticeable in comparison to fluoride less regions (2, 3, 4). Regions 6 and 7 showed similar statistical amounts of elastic modulus and hardness.

[Table 3](#T3){ref-type="table"} shows the results of ANOVA that indicate high statistical significance (*P* = 0.000) of depth, region and interaction of region and depth.

###### 

ANOVA results for elastic modulus (upper row) and hardness (lower row) investigated with nanoindentation test

![](DRJ-11-67-g004)

The *post-hoc* test showed these two parameters were significantly different between all depths of every region except for elastic modulus in regions 1, 6 and 7. But, in general, in all regions no statistical significant difference was observable in depths of (1 and 8 μm), (8 and 15 and 22 μm) and (29 and 36 μm) regarding elastic modulus and depths of (8 and 15 μm), (15 and 22 and 29 μm) and (29 and 36 μm) regarding hardness. Hardness of enamel in surface (1 μm depth) is significantly lower than deeper areas.

DISCUSSION {#sec1-4}
==========

The hypothesis of this *in vitro* study is that demineralization of enamel around brackets can be avoided or reduced by using composite resin with the ability of fluoride releasing. There have been a lot of efforts to reduce enamel demineralization during orthodontic treatment. Adhesive systems can reduce demineralization by compounds such as fluoride, calcium phosphate or anti-bacterial materials.\[[@ref35][@ref36][@ref37][@ref38]\]

In this study, on one side of the samples, we used a conventional orthodontic bonding adhesive (Transbond XT) and on the other side, we used another product with similar composition from the same factory (3M, Unitek, Monrovia, CA, USA) that has the ability of fluoride releasing (Transbond XT plus Color Change). In addition, in order to understand initial mechanical characteristics of teeth and also realize the effects of etching and demineralization solutions on these characteristics, the enamel of the middle part of each tooth was covered with nail varnish from the beginning and used as control enamel. Considering the similarity of location and bond conditions of brackets in two sides of every tooth and also similarity of keeping, slicing and polishing conditions in two sides, the probability of equalizing basic conditions of research is higher. Since, there is a high statistical significance in the results, it can be concluded that the sample volume was enough.

Demineralization around the brackets can be studied by different tools such as electronic scanning microscope,\[[@ref24][@ref39]\] carries index,\[[@ref16]\] polarized light microscope,\[[@ref7]\] microhardness test\[[@ref7][@ref35]\] and photographic slide.\[[@ref23][@ref25][@ref26]\] In the present study, we considered the mechanical characteristics of enamel such as elastic modulus and hardness by using the cross-sectional nanoindentation as an assessment of the amounts of minerals, because the mechanical characteristics of the enamel is usually related to its minerals and any change in these parameters can be caused by bonding process including etching and effects of used bonding materials, process of demineralization and also effects of keeping conditions.\[[@ref32][@ref33][@ref40][@ref41][@ref42]\]

In recent years, nanoindentation test has been used for studying the human enamel characteristics and the average of hardness and elastic modulus amounts for intact enamel (region 1) in our study (hardness = 1.81-4.97 GPA, elastic modulus = 52.43-96.95 GPA) was consistent with other studies.\[[@ref41][@ref43][@ref44]\]

Results of our *in vitro* study showed that in region 2, which was affected by etching solution and demineralization and then fluorideless bonding was used, in average in 6 depths absolutely significant reduction of elastic modulus and hardness is observed in comparison to the control region and also all the other regions. On the contrary, region 5 with same conditions except for fluoridated bonding had relatively similar parameters compared with intact enamel that shows releasing fluoride from bonding material may neutralize effects of etching and demineralization solution and restore the normal conditions of enamel.

These results are in contradiction to Kohda *et al*.,\[[@ref34]\] which showed that Transbond plus Color Change is not sufficient for remineralization of etched enamel around brackets and they gained similar amounts for hardness and elastic modulus under and around brackets, which were bonded with these two kinds of bonding materials. Furthermore, Trimpeneers and Dermaut\[[@ref23]\] didn\'t find a significant difference between a bonding system with the ability of fluoride releasing and resins with chemical curing without releasing of fluoride regarding decalcification amount. But another study, which investigated demineralization depth and presence of fluoride in two similar groups with our study concluded that Transbond plus group in comparison to Transbond XT had lower demineralization depth.\[[@ref45]\] Dubroc *et al*., in another similar study in mice found similar findings to ours and stated that fluoride-releasing resin reduces demineralization of areas that the resin was applied and caries beyond the applied areas.\[[@ref46]\]

After making distance from bracket edge in fluoride less side (regions 3, 4), mechanical characteristics of enamel increase and approach to similar regions in the side containing fluoride (regions 6, 7); although, there is still statistical significant difference, which can show that released fluoride effect is primarily limited to regions under bracket and regions completely close to that; this finding is similar to other studies about fluoride releasing.\[[@ref35][@ref47]\]

About the effects of etching and demineralization solutions and fluoride in enamel depth, it seems that investigated parameters have increased in the range of our study (1-36 μm) and became closer to normal amounts in such a way that no significant difference is seen between depth of 29 μm and 36 μm regarding elastic modulus and hardness; However, if investigated depths were more than this, we could have more accurate information. In other studies, Pascotto *et al*.,\[[@ref13]\] de moura *et al*.,\[[@ref48]\] and Kohda *et al*.,\[[@ref34]\] found the depth of changes in 30, 70 and 21 μm from enamel surface, respectively.

In this study, the same behavior is seen in amounts of elastic modulus and hardness. The major difference is statistical similarity of hardness in region 1 with regions 6 and 7; although, elastic modulus is different in these regions. This general condition is similar to other studies in this field.\[[@ref34][@ref40][@ref42]\]

Although the results of the study show better understanding of potential inhibitory characteristics of fluoride, but *in vitro* experimental conditions cannot simulate all the complexities of caries producing environment of the human mouth and the final result about efficiency of these products should be gained through controlled clinical trials. The weak point in the design of this study like studies with design of split mouth is the probability of cross over. In other words, released fluoride from the side of adhesive with fluoride has effects on the other side through transmission in demineralization solution.

CONCLUSION {#sec1-5}
==========

Based on this *in vitro* study, we can conclude that:

Two bonding systems based on composite resin with different ability of fluoride release had different effects on hardness and elastic modulus of enamel under and around orthodontic brackets.Etching enamel surface and keeping in demineralization solution was accompanied with clear reduction in mechanical characteristics of enamel. The released fluoride from adhesive had the capability of returning basic characteristics into the enamel. However, this capability was reduced with the increase in the distance from bracket edge.Increasing depth from the enamel surface, reduced effects of etching and demineralization solutions and also fluoride.Nanoindentation test is an excellent tool for fast and accurate assessment of site-specific characteristics of enamel.
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